The optical properties of photopolymer layers consisting of an acrylamide-based matrix and microporous aluminophosphate nanocrystals of AEI-type are investigated. The compatibility of the photopolymer doped with the nanoparticles is studied. The surface and volume properties of the layers with different levels of doping with microporous nanocrystals are characterized. The effective refractive indices and absorption coefficients of the doped photopolymer layers are determined and used to calculate the refractive index and porosity of pure AEI nanoparticles used as dopants. Volume transmission gratings were recorded in the doped photopolymer layers at different spatial frequencies.
Introduction
Holographic dry photopolymers have received much attention due to their possible applications in diffractive optics, information storage and displays, and sensors. [1] [2] [3] [4] [5] [6] Special attention is paid to the optical properties of hybrid organic/inorganic materials which have been used in non-conventional applications such as photovoltaic cells and light-emitting devices, and biosensors. [7] [8] [9] [10] [11] The development of these hybrid organic/inorganic materials was inspired by the phenomenon of light induced mass transport in photopolymerizable materials, which leads to improved holographic properties. The basic idea behind the concept of the photopolymerizable nanocomposites is to introduce nano-dopants with significantly different refractive index from that of the host material and to achieve redistribution of the nano-dopants during holographic recording. [12] [13] [14] [15] [16] [17] It has been shown that optimum values of recording intensity and volume fractions of incorporated solid nanoparticles such as SiO 2 18 , TiO 2 19 and ZrO 2 20 , lead to an increase of diffraction efficiency of the recorded gratings due to a higher refractive index modulation.
However, the process of dispersing variable types of nanoparticles in a polymer matrix is problematic since poor compatibility between the polymer host and the dopants is observed.
Besides, the nano-dopants produce optical losses due to increased scattering caused by the nanoparticles, and the large difference between their refractive index and that of the photopolymer matrix.
In addition to metal oxide nanoparticles, the use of colloidal zeolites (microporous crystalline materials with size less than 300 nm, uniform pore size and ordered structure) in photopolymerwater solution yielding good optical quality of the dry layers has been reported. [21] [22] [23] The refractive index of the zeolite particles is close to that of the photopolymer, and the optical losses are quite low even in the case of relatively big nanoparticles (diameter of 100-300 nm). [23] [24] [25] Additional advantages of using zeolites as dopants are related to the possibility to control their chemical composition, pore shapes and sizes, hydrophilicity, hydrophobicity and overall particle size and morphology. 26 Understanding and predicting the influence of porosity and optical properties of microporous nanoparticles on the effective optical properties of the photopolymer layers will be beneficial for their applications, in particular in holographic sensor design. Moreover, it will be possible to characterize the optical properties of the microporous nanomaterials incorporated in the photopolymer layers taking into consideration the strong influence of fill/empty effects of the pores.
The aim of this work is to study the optical properties of photopolymer layers consisting of an acrylamide-based matrix and microporous aluminophosphate nanocrystals (AlPO-18, AEI-type framework structure). 27 Besides, an irreversible humidity indicator based on a transmission holographic grating in the photopolymer layers doped with the AlPO-18 nanoparticles is demonstrated. A detailed characterization and optimization of the sensor is in progress and will be published elsewhere.
Theory
A simple transmission volume phase hologram can be recorded when the photosensitive medium is located in the area of overlap of two coherent beams of light of appropriate wavelength ( Figure 1A ). The spatial frequency of the transmission hologram is determined by the angle between the two recording beams and it is given by:
where Λ is the fringe spacing, θ is half of the angle between the two recording beams and λ is the wavelength of the recording beams.
It has been previously shown [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] that the holographic recording process in nanoparticle doped photopolymerisable materials can lead to the redistribution of the nanoparticles and thus to the creation of patterns of particle rich and particle depleted areas ( Figure 1B ). The diffraction efficiency, η, of such a volume phase hologram is given by (2):
where n 1 -is the refractive index modulation (the difference between the refractive indices in illuminated and non illuminated areas), d is the thickness of the hologram, λ is the wavelength of the probe beam that is used to measure the diffraction efficiency, θ is the Bragg angle.
The modulation of the optical refractive index n 1 is caused by: 1) polymerisation of the monomer and its conversion into polymer; 2) density variation due to concentration driven monomer diffusion from dark to bright fringe areas; 3) density variation due to concentration driven diffusion of short polymer chains from bright to dark fringe areas; 4) spatial patterning of the nanozeolite particles characterised by significantly different refractive index from that of the photopolymer matrix.
The contribution made by the redistributed nanoparticles to the overall refractive index modulation can be estimated by:
where f nanodopants is the volume fraction of nanoparticles in the nanoparticle-rich region, n nanodopant is the refractive index of the nanodopants, n host is the refractive index of the host organic matrix, and α is the fraction of the period with a rich content of nanoparticles. By measuring the diffraction efficiency and determining the refractive index modulation amplitude in doped and undoped layers one can estimate the volume fraction of redistributed nanoparticles, f nanodopants .
In order to achieve maximum benefit to the refractive index modulation during holographic recording from the presence of the nanoparticles in the layer it is necessary to maxmize redistribution of the nanoparticles. Choosing maximum difference between the refractive index of the nanoparticles and that of the host photopolymer matrix will also increase their positive effect on the final refractive index modulation. At the same time, a careful consideration must be given to the increased optical scattering due to the large difference in the refractive indices. Thus in determining what the optimum concentration of the nanoparticles is being a balance should be sought between the optical losses and the improved refractive index modulation.
The basic concept behind the design of holograms recorded in microporous nanoparticles doped photopolymer layers for application in sensing is that adsorption/absorption of the specific analyte will cause the refractive index of the nanoparticles to change. When they are redistributed this will lead to a change in the total refractive index modulation and thus the analyte's presence will be observed as a change of the diffraction efficiency of the hologram. 
Experimental Section

A) Preparation of microporous AlPO-18 nanocrystals
22,23
The photopolymer/ AlPO-18 suspension (0.5 ml) was deposited on glass plates (26 x 38 mm 
B) Characterization of the nanocomposite layers
Volume characterisation of suspensions and layers. Dynamic light scattering (DLS) measurements using a Malvern Zetasizer Nano ZS were carried out on pure AlPO-18 suspensions and on photopolymer doped with AlPO-18 nanocrystals to determine the mean diameter of the nanoparticles and to monitor their stability. DLS measurements of the suspensions were performed immediately after mixing the photopolymer with the AlPO-18 suspension, and again, after 24 hours in order to check their stability with time. Additionally, the surface charge and degree of agglomeration of the AlPO-18 nanoparticles were determined by measuring the zeta potential value at a constant concentration (6 wt. %) and pH=7.
The morphology and size of the nanocrystals were studied by scanning electron microscopy (SEM) using a Philips XL 30 microscope. The crystallinity of the freeze-dried AlPO-18 powder was proven by X-ray diffraction (XRD) analysis carried out with a STOE STADI-P X-ray diffractometer. The porosity of the AlPO-18 powder was determined by measuring the nitrogen sorption isotherms of calcinated sample (390 °C for 12 h) with a Micromeritics ASAP 2010 surface area analyzer.
Transmittance (T, accuracy 0.1 %) and reflectance (R, 0.5 %) spectra of the photopolymer layers doped with AlPO-18 nanoparticles were recorded using a high precision UV-VIS-NIR spectrophotometer, CARY 5E VARIAN.
The Raman measurements on the photopolymer layers doped with AlPO-18 nanocrystals were performed using a Horiba Jobin Yvon confocal Raman spectrometer with a confocal pinhole diameter of 100 µm and an excitation line of 532 nm (the magnification of the microscope objective was 100X). The confocal Raman spectroscopy was used to study the distribution of the particles through the thickness of the photopolymer layers.
Characterization of layers' surface. The photopolymer layers doped with different concentrations of AlPO-18 nanocrystals were exposed simultaneously to UV and visible light (LV202 Megaelectronics) with an intensity of 2.5 mW/cm 2 for 30 min to achieve complete photopolymerisation.
The surfaces of the layers were studied using a White Light Interferometric (WLI) surface profiler, MicroXAM S/N 8038, with vertical and lateral resolution of 1 nm and 1 µm, respectively.
Confocal Raman spectroscopy was used to study the particle distribution in direction parallel to the wave vector of recorded transmission grating.
Holographic recording in photopolymer layers doped with AlPO-18 nanocrystals.
Holographic transmission gratings of spatial frequency of 500 and 2000 l·mm -1 were recorded by exposure of the layers to two mutually coherent s-polarized beams of wavelength 532 nm, and total exposure energy of 600 mJcm -2 . The grating growth was monitored in real time by probing it with an unexpanded He-Ne laser beam of wavelength 633 nm incident at the Bragg angle. The sample was held on a rotation stage, allowing the angular selectivity of the grating to be measured, following recording, by varying the incident angle of the probe beam. The angular selectivity curve was used to determine the effective thickness of the grating. This parameter and the maximum diffraction efficiency, η (here defined by the ratio of the intensity of the first diffraction order and the incident intensity of the probe beam) were used to calculate the refractive index modulation amplitude, n 1 , using Kogelnik's coupled wave theory:
where λ and θ are the reconstructing beam wavelength and incident angle, respectively and d is the thickness of the photosensitive layer.
Testing of volume transmission gratings of layers for humidity sensing. A controlled environment chamber with an Electro-Tech Systems model 503-20 humidity system was used to characterize the volume transmission holograms. The initial diffraction efficiency was measured when the layers were exposed to 15 % relative humidity (RH). Then the layers were placed in an oven at 120 o C for 15 minutes to expel the water from inside the pores of the AlPO-18 nanocrystals. The layers were then immediately placed inside the humidity chamber, where RH was raised to 60 %, and the diffraction efficiency was monitored until no further change was observed. Finally, the RH was returned to 15 % and the change in diffraction efficiency was monitored over time.
Results and Discussion
Volume characterization of suspensions and layers. The particle size distribution (PSD) of the AlPO-18 nanocrystals as-prepared and after storing at ambient conditions for one month, was investigated by DLS. The average size of crystals was about 190 -210 nm for both samples (see Figure 2A ). The initial and final data points for both DLS curves were almost the same. Thus, it could be concluded that the AlPO-18 nanocrystals synthesized under microwave and conventional heating have similar crystal sizes. The widths of the PSD curves were similar thus proving the relative stability of the particles at a given concentration in water dispersant. In addition, the stability of the AlPO-18 nanoparticles in the water suspension (solid concentration of 6 wt. % and pH = 7) was determined by zeta potential measurements. The zeta potential value for the AlPO-18 nanocrystals in the water is above -40 mV, which explains their long-term stability in the colloidal form (Table 1) . 31 No sedimentation in the crystalline suspensions was observed after a month at ambient conditions.
The crystalline nature of the microporous AlPO-18 nanoparticles was proven by the XRD patterns shown in Figure 2B . The general characteristics of the AlPO-18 nanocrystals are summarized in Table 1 . As expected the Al/P ratio is almost 1, so that an "electrically" neutral framework structure is formed. Table 1 ). The total specific pore volume is 0.70 cm The Raman spectra of the photopolymer layers doped with AlPO-18 nanocrystals were collected by focusing the laser beam inside the sample at different distances from the surface in steps of 1.5 µm ( Figure 6A ). Since the PVA concentration was constant throughout the layer thickness, the spectra were normalized with respect to the PVA peak at 1450 cm respectively. Considering that the refractive index of AlPO-18 particles is lower than for the photopolymer, a decrease in n of the doped photopolymer layers can be expected (see Figure 7) . As shown above, the bulk properties of the layers depend on the interactions between the two components, i.e. the photopolymer and microporous AlPO-18 nanocrystals. Therefore, the possibility of filling the micropores of the AlPO-18 (3.8 Å) with guest molecules was investigated. The porosity of the AlPO-18 nanoparticles incorporated in the photopolymer layers was calculated according to the methods described 23 and compared with the experimental N 2 -sorption data (see Table 1 ). In order to determine the porosity of the nanoparticles, the refractive index of the AlPO-18 is required. For calculation of the refractive index of microporous materials the Bruggeman effective media approximation (EMA) is used. The idea of EMA is to regard the nanocomposite as a medium with effective refractive index that depends on the refractive index and volume fractions of the two phases presented, i.e. the photopolymer matrix and aluminophosphate nanoparticles. Since the refractive indices of the undoped photopolymer (i.e the matrix) and doped photopolymer (i.e the nanocomposite) are already determined (Figure 7) we are able to calculate the refractive index and volume fraction of the dopant using the recently developed optical method 23 . The dispersion curve for AlPO-18 calculated by this method is presented in Figure 8 . For comparison the dispersion curves for pure Al 2 O 3 and P 2 O 5 are given as well. 35, 36 The effective refractive index of a mixture from Al 2 O 3 and P 2 O 5 in the ratio 1 : 1 is included also because the Al/P ratio in the AlPO-18 nanocrystals is about 1 as determined by Xray fluorescence chemical analyses ( Table 1 Surface characterization of photopolymer layers doped with AlPO-18 nanocrystals. In addition to the bulk characterization of the photopolymer layers doped with AlPO-18 crystals, the surface properties were studied using a White Light Interferometric Surface profiler. Figure 9 presents the surface of photopolymer layers with different concentrations of AlPO-18 particles. . The dotted line presents a sine function with a period of 5 µm As can be seen from Figure 12 , the variation of the intensity of the Raman peak at 421 cm -1 outside the grating is random. In the direction of the grating vector, a spatially periodic distribution of the intensity of the Raman signal is observed with a period of 5 µm, which is in a good agreement with the known period of the grating. The greatest variation in the intensity of the Raman peak was observed in the gratings recorded with intensity of 10 mW/cm 2 in layers doped with 2.5 wt% AlPO-18 nanoparticles. If one assumes that the Raman peak intensity is linearly proportional to the concentration of the nanoparticles, then the redistributed fraction of the nanoparticles is 31 % from the total volume. Using equation (3) the refractive index modulation contribution from the redistribution of the nanoparticles can be calculated.
Since the density of the water filled nanoparticles is 2.42g/cm 3 , and knowing the weight of the nanoparticles present in a single nanocomposite layer, one can calculate that the volume fraction of the nanoparticles in the layer is 0.75 %, thus the volume fraction of the redistributed nanoparticles is calculated to be 2.3x10 Volume transmission gratings for humidity sensing. Volume transmission gratings recorded in photopolymer and in photopolymer doped with 2.5 wt. %, of AlPO-18 nanoparticles were tested as irreversible humidity holographic sensors. Irreversible response of the holograms in a humidity controlled environment by monitoring the evolution of the diffraction efficiency is measured. Initially, after recording, the layers were exposed to high temperature, 120 ºC, in order to expel the water from the nanoparticles' pores. Then the diffraction efficiency of the layers was measured at a relative humidity (RH) of 15 %. Further, the layers were exposed to high humidity of 60 %. The evolution of the diffraction efficiency was monitored after the humidity in the chamber was restored to the initial value of 15 % ( Figure 13 ). The diffraction efficiency of the undoped layer reaches its initial value (Figure13b), while the diffraction efficiency in the doped layers never returns to the initial value (Figure 13a ). If one repeats the calculations in section 4.3, this time for the empty pores of AlPO-18, one can estimate that the refractive index contribution of the redistributed nanoparticles is 3.9x10 -4 . Since the initial diffraction efficiency (after baking) of the doped layer was 70 %, the corresponding refractive index modulation at the start of the experiment using equation 4 can be estimated. After exposure to high humidity this refractive index modulation will decrease by 2.6x10 -4 (the difference between the contribution of the redistributed nanoparticles with empty and the full pores with water). Thus the final diffraction efficiency of the hologram was estimated to be 63.4 %. The measured diffraction efficiency is 64 %, which is in a very good agreement with the value determined from the theoretical model.
Although this is a relatively small irreversible change in the diffraction efficiency of the hologram, it is achieved by adding a modest volume of AlPO-18 nanoparticles (less than 1%).
Therefore we believe that these results reveal the potential of the proposed approach for future design of holographic sensors. for situations where regardless of current (potentially lower) humidity levels, the possible higher levels of humidity were earlier prevalent could be estimated. 
